Vein loading in unifoliate leaves of white bean seedlings exposed to excess Co2", Ni2", or Zn2" for 1 to 4 days was studied by incubating leaf discs in I14Clsucrose. The discs from plants exposed to metal exhibited an increased total uptake of radiosucrose but reduced vein loading. Differences between treatments due to infiltration of disc margins were eliminated by analyzing 7-millimeter discs cut from the center of incubated 14-millimeter discs. Uptake of radiosucrose was greater particularly in discs from seedlings exposed to excess Ni2" and Zn2'. Collection of Leaf Discs. The upper surface of the basal half of unifoliate leaves was abraded gently with 320-grit carborundum which was then rinsed off with 5 mm K-phosphate (pH 6.5). One disc 14 mm in diameter was cut from each leaf half in the abraded areas between the midvein and the major lateral veins. The discs were floated with their abraded side down on phosphate buffer until used.
exposure of the seedlings to metal increased up to 4 days. Autoradiographs showed vein loading in control leaf tissues with most of the radiosucrose accumulating in minor veins and little remaining in the mesophyll. In discs from metal-treated plants, most of the sucrose remained in the mesophyli without accumulating preferentially in the minor veins. This effect was evident within 24 hours of exposure to excess metal and intensified with longer exposures to metal. The inhibition of vein loading was also evident in situ. Both the preferential accumulation of sucrose into the minor veins of control tissues and the accumulation into mesophylH of metal exposed tissues were sensitive to 2,4dinitrophenol and the blockage of sulfhydryl groups. It is concluded that the inhibition of vein loading contributes markedly to the observed toxicological effects of reduced photoassimilate export and of accumulation of carbohydrates in fully expanded leaves of bean seedlings exposed to excess metal ions.
Reductions in growth and yield are commonly recorded symptoms of metal toxicity in plants. We have reported that exposure of white bean seedlings to excess Co2+, Ni2+, or Zn2+ inhibited the export of photoassimilates from unifoliate leaves and that these leaves accumulated increased amounts of sucrose, reducing sugars, and starch (12, 13). This suggested that a primary effect of excess metal in causing growth reduction is to inhibit the export of assimilates from source regions to sink regions. Increased deposits of callose were evident on sieve plates of phloem in plants treated with metal, but no correlation was found between increased callose in petioles and the reduced translocation of photoassimilates through them (1 1).
Sucrose is the major translocated sugar in Phaseolus vulgaris (5, 10) . Accumulation of this carbohydrate in source leaves of metaltreated seedlings indicates either an entry of sucrose into a storage pool making it unavailable for translocation, or inhibition of loading of sucrose into the phloem of minor veins (6) . Phloem loading, or vein loading, is the process by which the major translocated substances are selectively and actively delivered to the sieve tubes prior to translocation from the source region (6) . Collection of Leaf Discs. The upper surface of the basal half of unifoliate leaves was abraded gently with 320-grit carborundum which was then rinsed off with 5 mm K-phosphate (pH 6.5). One disc 14 mm in diameter was cut from each leaf half in the abraded areas between the midvein and the major lateral veins. The discs were floated with their abraded side down on phosphate buffer until used.
Uptake of I14CISucrose. The assay for uptake of radiosucrose was modeled on the work of others (8, 9, 14) . Groups of eight 14-mm leaf discs were taken from the phosphate buffer, blotted, and placed abraded side down on 2 ml incubation medium in flat bottomed 50-mm i.d. glass dishes. The incubation medium contained 20 or 50 mm [U-'4CJsucrose in 5 mm K-phosphate (pH 6.5) and at a specific radioactivity of 1 ,tCi/5 t,mol. After a 30-min uptake period, the eight discs were washed twice in 40-45 ml of 1 mm CaCl2 in Petri dishes. The 14-mm discs were then blotted and an inner 7-mm disc was cut from each. This was done because radiosucrose differentially infiltrated the edges of the leaf discs.
Radioassay of Leaf Discs. After washing, individual 7-mm discs were digested with 0.5 ml Protosol solubilizer and 0.25 ml of 30% (v/v) H202 at 55-60 C in scintillation vials. Endogenous Contents of Sucrose in Leaf Discs. Two 7-mm leaf discs were cut from unabraded unifoliate leaves. One disc originated from the minor vein area normally used for radiosucrose uptake, the other was centered over the midrib in the lower third of the lamina. Sucrose was determined on alcohol extracts of the weighed discs and the remaining leaf lamina by reducing sugar analysis before and after invertase digestion (13).
RESULTS
Uptake of Radiosucrose. The margins of leaf discs became infiltrated with radiosucrose which was not removed efficiently even with extensive washing of the discs in 1 mm CaCl2. In the assays, tissue infiltration was eliminated by incubating 14-mm leaf discs, washing them, and then cutting an inner 7-mm disc for analysis (Fig. 1, A , B, C, and D). Analyses of different parts of leaves (Table I) indicated that leaves of metal-treated seedlings had more sucrose in the minor vein areas, precisely those tissues used for ['4C]sucrose uptake estimations. Since specific radioactivities were not uniform among treatments, sucrose uptake is reported as dpm per disc for 30-min incubations.
Sucrose uptake by leaf discs from seedlings exposed to excess metal was greater than in control tissues, either in 20 mm sucrose (Table II) or in 50 mm sucrose (data not shown). The effect was evident on exposing seedlings to excess Ni2+ or Zn2+ for 1 day, to Co2+ for 2 days, and continued on to the 4th day.
Autoradiographs of Leaf Discs. Autoradiographs of discs from opposite sides of the same leaves as reported in Table II (Fig. 2, B , C, and D). In these discs, radiosucrose accumulated in the minor veins but the mesophyll appeared darker than in control discs ( Fig. 2A) . Vein loading was inhibited markedly in all plants exposed to excess Co2+, Ni2+, or Zn2+ for 2-4 days (Fig. 2, F Figure 2 , A, B, C, and D are depicted below each disc. One transect was made at random across a diameter of a disc. The peaks are equivalent to the veins encountered in the transect while the area under the trace is equivalent to the radioactivity accumulated in exposing the x-ray film. Definitive vein loading ( Fig. 2A) was associated with a densitometer trace having tall peaks. For leaf discs which were judged to have reduced vein loading, the densitometer traces showed shorter peaks with troughs higher in the traces than in control discs.
From Table III it is evident that essentially the same number of veins were encountered in the discs from the various treatments. The areas under the curves were collectively significantly larger for the discs from metal exposed seedlings than from controls. This consistent difference in the apparent amount of radioactivity producing the image is attributed to the highly preferential localization of radiosucrose in the veins of control leaf discs. Although all x-ray films were exposed until accumulation of 21-25 x 106 counts per disc, those regions with higher radioactivity could have saturated the x-ray film locally, thus preventing any further exposure of the film there. The mean peak height for any densitometer trace divided by the area encompassed by the trace gave the index representing the amount of vein loading. Whereas Figure 2 illustrates only one disc from each treatment, the mean index of vein loading encompasses all eight replicate discs within any one treatment (Table IV) . The indices of discs from seedlings exposed to excess Co2+, Ni2+, or Zn2`were significantly lower than those of controls. Inhibition of vein loading was evident after the seedlings had been exposed to excess metal for 24 h and the effect was increased by 2 days exposure to metal ions.
Inhibition ofvein loading similar to that found with excised leaf discs was evident when radiosucrose was supplied to abraded leaves for incubations in situ. Seedlings grown with excess metal ions for 2 days had mean indices (± SE) of 0.05 ± 0.01, 0.11 ± 0.02, and 0.10 ± 0.02 for Co2+, Ni2', and Zn2+, respectively.
Control plants had mean indices of 0.38 ± 0.02.
Effects of Inhibitors on Sucrose Uptake. The uptake of sucrose by control discs preferentially into minor veins was inhibited by both DNP and PCMBS (Table V) . Leaf discs from seedlings exposed to excess metal for 3 days also showed inhibitions of sucrose uptake by DNP and PCMBS. These inhibitions were (Table II) . Fourteen-mm discs were incubated in 20 mm radiosucrose for 30 min. After washing in 1 mm CaCl2, an inner 7-mm disc was cut from each incubated disc and used to prepare the autoradiographs. comparable to those evident in control leaf discs. In all types of tissues the inhibition by PCMBS was largely or totally reversed by supplying the sulfhydryl-protecting compound DTE.
DISCUSSION
The rate of ['4C]sucrose uptake by leaf discs from control white bean seedlings varied between experiments. The rates were generally comparable to those reported for sugar beet (8, 9, 14) , but lower than those of tobacco leaf discs (1) . The leaf discs from seedlings exposed to excess Co2+, Ni2+, or Zn2+ all had sucrose uptakes equal to or greater than those of controls. The increased uptake was evident in incubations with 20 mm sucrose (Tables II  and V) or with 50 mm sucrose. The variations in radiosucrose uptake necessitated estimating the radioactivity in individual discs prior to exposure of x-ray films. The enhanced uptake of sucrose by discs from metal treated seedlings was as sensitive to DNP and PCMBS as that of control discs (Table V) .
Definitive vein loading was shown in all cases by leaf discs from control white bean seedlings (Fig. 2, A, E, I , and M). Exposure of white bean seedlings to excess Co2+, Ni2+, or Zn2+ for 1 day reduced sucrose vein loading (Fig. 2, B, C, and D) . Exposures of seedlings to excess metal for 2-4 days markedly inhibited vein loading in all cases ( Fig. 2 and Table IV ). This inhibition was also evident when radiosucrose was supplied to leaves in situ.
Analysis of autoradiographs by microdensitometry indicated that about the same number of veins and similar total silver grain densities were being considered in the transects across the discs (Table III) . The autoradiographs, the sample microdensitometer traces, and the indices of vein loading ( Fig. 2 and Table IV) indicate that the radioactivity present in leaf discs from metalexposed seedlings was principally located in mesophyll tissues to the detriment of preferential accumulation in minor veins. The partitioning of radiosucrose remains the same despite the total amount of radioactivity in the leaf discs. Consequently, reduced vein loading in leaf discs from metal-exposed seedlings is consistent with the demonstrated increased uptake of sucrose by these same discs as compared to controls (Table II) .
Increasing concentrations of sucrose in the incubating medium reduce the intensity of radioactivity in the veins and cause greater accumulation in mesophyll cells (2, 6 ). This does not explain the inhibition of vein loading described here for discs from metal treated plants. First, the highest endogenous sucrose concentrations found in typical minor vein discs (about 50 mm, Table I ) are lower than the 200 mm external sucrose solutions used by Geiger and co-workers (2, 6) . Second, the autoradiographs for leaf discs incubated in 200 mm sucrose (2, 6) still exhibit much more vein loading than discs of bean seedlings treated with excess Co", Ni2+,or Zn2+ for 1 or 2 days and incubated in 20 mm sucrose for 30 min (Fig. 2) .
Exposing leaf discs to DNP or PCMBS inhibited the preferential sucrose uptake into minor veins in control tissues and also the uptake by mesophyll cells of unifoliate leaves from metal-exposed seedlings ( Table V) . The inhibition by PCMBS was totally eliminated by supplying the sulfhydryl-protecting compound, DTE. The effects of DNP, PCMBS, and DTE observed for white bean leaf discs are comparable to those reported for sugar beet leaf discs (8, 9, 14) . Our results do not differentiate between the vein loading of sucrose from the apoplast or that from the symplast (6) . In the case of leaf discs from metal-exposed seedlings vein loading is drastically inhibited, yet sucrose uptake by the discs into mesophyll is as sensitive to metabolic inhibitors as in control tissues where the uptake is preferentially into minor veins. Since both types of accumulations are equally sensitive to inhibition, we suggest that caution be taken in ascribing the effect of inhibitors in normal tissues exclusively on actions in the sieve elementcompanion cell complex or its membranes.
The nature of the inhibition of vein loading in unifoliate leaves of white bean seedlings exposed to excess Co2+, Ni2+, or Zn2+ is unknown. Further experiments are required to establish the role of metal ions acting directly in situ or indirectly in eliciting compounds, such as phenolics (12), which might inhibit vein loading. Since phloem loading is an energy-dependent, carriermediated process (3, 9, 14) , ATP may be limiting in the leaf discs from seedlings exposed to excess metal ions. For this alternative to apply the sieve element-companion cell complex must be affected specifically, unless the mechanism for sucrose phloem loading differs from that of sucrose uptake by mesophyll cells.
The reduction in yield of plants exposed to excess metals (4), particularly of roots (12), may in large part be accounted for by inhibition of vein loading, thus leading to reduced phloem translocation (13) which over time would cause decreased mass transfer of photosynthate to the sink regions. The agronomic significance of alterations in phloem loading was envisaged by Geiger and Sovonick (7) in their quest for more data on the effect of pollutants on carbohydrate translocation. We suggest that the inhibition of vein loading documented here is an example of an "essential to life" process (4) which has failed due to the toxicity of excess metal ions.
